A middle cerebral artery occlusion-model was established in rats using the improved thread embolism method. Rats were treated with acupuncture at either Dazhui (DU14), Renzhong (DU26), Baihui (DU20), or a non-meridian point. Detection with protein-chip technology showed that the level of protein phosphorylation in both groups was upregulated or downregulated depending on the signaling pathway compared with the model group that did not receive acupuncture. Analysis of proteins showing downregulated phosphorylation revealed that five signaling pathways were activated in the acupuncture-treatment group, while only two were activated in the acupuncture-control group. In contrast, analysis of proteins showing upregulated phosphorylation revealed only one pathway was activated in the acupuncture-treatment group, whereas four pathways were activated in the acupuncture-control group. Furthermore, the number of activated proteins in the acupuncture-treatment group was not only higher than the acupuncture-control group, but unlike the acupuncture-control group, the majority of activated proteins were key proteins in the signaling pathways. Our findings indicate that acupuncture at specific points can activate multiple signaling pathways to promote the restoration of brain tissue following ischemic injury, and that this is based on a combination of effects resulting from multiple pathways, targets, and means.
INTRODUCTION
The pathogenesis of cerebral ischemia is a dynamically evolving process that appears as a series of neurotoxic and neuroprotective interactions and associated reactions. The proteins underlying these reactions exist as part of signaling pathways, and typically undergo phosphorylation in response to external stimuli. Acupuncture is known to be an effective treatment for cerebral ischemia, and current research on its mechanism of action focuses primarily on protein expression and single channels [1] [2] [3] . However, because the evidence regarding protein interactions and regulation of multiple signal transduction pathways is not large, comprehensive analysis of signal molecules is necessary to fully explore the mechanism by which acupuncture modulates complex network signals in the process of repairing cerebral ischemic injury. Antibody protein-chip technology is used to determine protein phosphorylation, protein-expression profiling, protein interactions [4] [5] [6] [7] , and to screen signal pathways [8] .
Advances in proteomic technology have led to a wide interest in the mechanisms underlying successful acupuncture treatment [9] [10] [11] [12] . For example, Yi et al [13] used protein-chip technology to investigate the influence of acupuncture on protein phosphorylation when applied to the Stomach Channel of Foot-Yangming during repair of rat gastric mucosa, and found that electroacupuncture works through multiple channels, multiple targets, and multiple pathways to promote gastric mucosa repair. This experiment was aimed to verify whether acupuncture at Du meridian points can promote signal transduction pathways of phosphorylated proteins related to brain tissue after ischemic injury, and to provide experimental evidence that acupuncture and moxibustion are effective treatments of brain-tissue ischemic disease and meridian organ (Du meridian and brain) associated research.
RESULTS

Quantitative analysis of experimental animals
Forty Sprague-Dawley rats were used, 10 of which were randomly chosen as a sham-operation group. The remaining 30 rats were used to establish the middle cerebral artery occlusion model using the improved thread-embolism method, and then divided into three 10-rat groups: the model group, acupuncture-control group, and acupuncture-treatment group. Acupuncture-treatment group rats were subjected to acupuncture at Dazhui (DU14), Renzhong (DU26), and Baihui (DU20) and acupuncture-control group rats were given acupuncture at a non-meridian point 0.3 cm lateral. All rats were included in the resulting analyses.
Influence of acupuncture on signal-transduction protein phosphorylation during repair of rat brain ischemic injury
The expression profiles of the antibody microarray in each group are shown in Figure 1 . Results of the calibration and comparison of antibody microarrays between groups showed that protein phosphorylation levels changed, with varying degrees of upregulation and downregulation depending on the signaling pathways involved. This experiment only included proteins whose phosphorylation level changed by at least 1.5 times (compared with the model group), and that could be attributed to known signal-transduction pathways. Signal transduction pathways of proteins whose phosphorylation levels were downregulated after acupuncture Compared with the model group, acupuncture after cerebral ischemia at Dazhui, Renzhong, and Baihui induced reduction in phosphorylation levels by at least 1.5 times in the cell-apoptosis, mitogen activated protein kinases, cell-cycle regulated, adhesion-molecule, and receptor tyrosine kinase signaling pathways. Specifically, downregulated phosphorylation was observed in c-fos, TRADD, Cytochrome C, bcl-X, DFF45/ICAD, Bim (BOD), Bak and AIF-proteins known to be part of the cell-apoptosis pathway [14] [15] , with AIF, Bim, bcl-X, Bak and Cytochrome C being key channel proteins. Sinilr downregulation was observed in Raf-1, Mekk-1, Mek2, and Stat-1, key proteins from the mitogen activated protein kinase signaling pathway [16] . In addition, phosphorylation levels were reduced in Cdk8, CDC37, p73 and CDC34 from the cell-cycle regulated pathway, MHC II (HLA-DP) from the adhesion-molecule signal pathway [17] , and platelet-derived growth factor-alpha and CD115/c-fms/CSF-1R/M-CSFR from the receptor tyrosine kinase signaling pathway [18] . In contrast, downregulated phosphorylation was observed in only three proteins from two pathways in the acupuncture-control group: Cytochrome C and DR3cell from the apoptosis signaling pathways and Paxillin from adhesion-molecule signaling pathways (Table 1) . Acupuncture at Dazhui, Baihui and Renzhong promotes brain-tissue repair through multiple signal transduction pathways, including mitogen activated protein kinases, cell-apoptosis, and the cell-cycle signaling pathways. The specific proteins affected are AIF, Bim, bcl-X, Bak (BOD), Cytochrome C in the cell-apoptosis signaling pathways, Cdk8, CDC37, p73, CDC34 in the cell-cycle regulation signaling-transduction pathway, and Raf-1, Mekk-1, Mek2, Stat-1, and other key proteins in mitogen activated protein kinase signaling pathways. Together these lead to effective signal transduction. In other pathways, only a few of the associated proteins are activated. However, non-receptor tyrosine kinase signaling pathways and adhesion-molecule signal transduction pathways can activate mitogen activated protein kinase signaling pathways either directly or indirectly. Because key proteins are activated in three signal transduction pathways, this may constitute effective signal transduction, thereby protecting and repairing brain tissue against ischemic injury. Although some proteins involved in the signal transduction pathways were observed in the acupuncture-control group, they were not key proteins, and the signal transduction cannot be deemed effective. These findings indicate acupuncture at Dazhui, Baihui and Renzhong can promote the restoration of damaged brain tissue in part by downregulating phosphorylation in multiple signal transduction pathways.
Signal transduction pathways of proteins whose phosphorylation levels were upregulated after acupuncture Compared with the model group, an increase in phosphorylation levels by at least 1.5 times was found in the cell-cycle signal transduction pathway of the acupuncture-treatment group (Table 2) . In contrast, the acupuncture-control group showed upregulated phosphorylation in multiple pathways. These included proteins related to cell-cycle regulation, cell apoptosis, mitogen activated protein kinases, and adhesion-molecule signal transduction pathways (Cdk7, p27Kip1 and Cdk1/p34cdc2). Specifically, upregulated phosphorylation was observed in the adenovirus-E2 promoter 5 and p19ARF from the cell-cycle regulation pathway, Bcl-2 associated athanogene 1, Bax, and Fas-ligand from the cell-apoptosis signaling pathway, Raf-1, Mekk-1, and Stat-1 from the mitogen activated protein kinase signaling pathway, and CD138 from the adhesion-molecule signaling pathway. However, although these four signal pathways in the acupuncture-control group were activated, the number of proteins in each of these pathways was too small to form an effective signal-transduction pathway, indicating a lack of physiological significance. This further supports the notion that acupuncture only activates upregulation in cell-cycle signal-transduction pathways.
The ischemic tissues in the acupuncture group and acupuncture-control group were compared. For proteins that underwent upregulated phosphorylation (≥1.5 times), only the cell-cycle signal pathway was activated in the acupuncture-treatment group, which may prevent cell proliferation through inhibition of signal transduction. Although activation of cell-apoptosis, mitogen activated protein kinases, cell-cycle, and adhesion-molecule signaling pathways were visible in the acupuncture-control group, with the exception of the mitogen activated protein kinase signaling pathway, there were no key proteins activated. This makes it likely that effective signal transduction did not occur, and was of little significance in the repair of ischemic brain tissue.
Our results show that acupuncture at Dazhui, Baihui and Renzhong promotes the restoration of damaged brain tissue through activation of multiple signal transduction pathways, in particular mitogen activated protein kinases, cell apoptosis, and cell-cycle signaling pathways.
DISCUSSION
Clinical and experimental studies have verified the contribution of acupuncture towards treatment of cerebral ischemia [19] [20] [21] . However, research into the mechanisms underlying this treatment has primarily concentrated on a few proteins or a single signal pathway, and no research has reported a change in brain tissue proteins by different interventions. Conducting more complete studies is therefore urgently needed to understand how acupuncture works to assist the repair of cerebral ischemia. Song et al [22] found that acupuncture can inhibit the proliferation of glial cells in a rat model of middle cerebral artery occlusion and reperfusion injury, thus providing a beneficial environment for neural regeneration and functional reconstruction. The underlying mechanism might depend on the regulation of the cell cycle. Bim reports that activation of the c-Jun NH2-terminal kinase pathway following cerebral ischemia reperfusion injury can induce neuronal apoptosis [23] [24] . In this experiment, protein microarray-analysis
showed that acupuncture at Dazhui, Baihui, and Renzhong can alter protein phosphorylation in the damaged brain tissue, primarily through downregulation in multiple signal transduction pathways. Our results support this notion and identified mitogen activated protein kinases, cell cycle, and apoptosis signaling pathways as being particularly affected. However, the specific mechanism of action of each pathway in the repair process of ischemic injury in brain tissue remains unknown, and must be further explored. Significant differences between the acupuncture-treatment group and the acupuncture-control group regarding the number of activated proteins and their pathways were observed, indicating that acupuncture promotes the repair of brain tissue damage through multiple channels, multiple targets, and multiple level processes. Additionally, a certain acupoint specificity exists that provides reliable justification for continued in-depth research of acupuncture and moxibustion for treatment of cerebral ischemia.
MATERIALS AND METHODS
Design
A proteomic experiment. [25] .
Time and setting
Methods
Establishment of the rat brain ischemic injury model through middle cerebral artery occlusion using the suture method
The middle cerebral artery was occluded one week prior to the experiment to allow rats time to adapt to the new environment and food schedule. All experimental animals were allowed water, but no food for 12 hours prior to surgery. Under intraperitoneal anesthesia with 10% chloral hydrate (30 mg/100 g), rats were fixed in a supine position on the working table, a 1-cm longitudinal incision was made 0.3 cm left of the median line, and then, to fully expose the common carotid, branch internal carotid, and external carotid arteries, subcutaneous fascia, muscle, and thyroid were stripped using hemostatic forceps. A blunt dissection was performed to dissect the common carotid arteries and vagus nerve, exposing blood vessels and nerves, and the suture lines were placed at the proximal end of the common carotid, internal carotid, and external carotid arteries. The internal carotid artery was temporarily blocked with a micro-artery clamp, followed by the proximal end of the common carotid and external carotid arteries. Then a small incision was cut 3 mm away from the common carotid artery bifurcation, the suture was inserted into the internal carotid artery and tightly fastened to the distal end of the artery at a depth of 19 mm (from blood vessel bifurcation). Afterward, the artery clamp was loosened, followed by wound suture and single-cage rearing. The sham operation group was only subjected to separation of the left common carotid artery and ligation of the left common carotid and external carotid arteries, while the internal carotid artery was not occluded [26] . After animals' vital signs were confirmed to be stable postoperatively, their neurological function was assessed with the Longa scale [26] . Only rats with a score ranging from 1 to 3, indicating successful modeling, were used in the experiment. Whole-brain anatomy revealed that infarcts occurred in temporal cortex, a region that is innervated by the middle cerebral artery, further indicating the success of experimental models. When the brain tissue was removed and inspected, rats with significant subarachnoid hemorrhages were excluded from the experiment. Rats were housed at 20°C, and allowed food and water ad libitum.
Acupuncture at Baihui, Dazhui and Renzhong
After breathing and heartbeat stabilized for 4.82 ± 0.84 hours, acupuncture treatment using 0.3 mm × 25 mm acupuncture needle (Suzhou Medical Supplies Factory, Suzhou, China) was directly administered at the Dazhui point (between the seventh cervical vertebra and the first thoracic vertebra, the median back) 5 mm, horizontally at the Baihui point (the median parietal bone) 10 mm, and at the Renzhong point (1 mm away from the median-cleft lip nose) 2 mm towards the nasal septum, according to Experimental Acupuncture [27] and the Rat Acupuncture Points Map [28] . The inserted needle was rotated for 1 minute at each point, and again during maintenance every 12 hours, for a total of six times. In the acupuncture-control group, acupuncture was administered to a non-meridian point 0.3 cm lateral. The sham-operation and ischemic-injury model groups underwent the occlusion procedure only, and did not receive any acupuncture.
Harvesting specimens
Two days after acupuncture treatment, rats from each group were decapitated under 10% chloral hydrate anesthesia, and the left-sided ischemic brain tissue was harvested, preserved in liquid nitrogen for 10 seconds, and stored at -80°C.
Antibody protein-chip detection
To extract protein, protein-extraction reagent was added to brain tissue at a concentration of 1 mL/250 mg tissue and supplemented with 5 μL protease-inhibitor mixed liquid, 5 μL phenylmethylsulfonyl fluoride and 5 μL phosphatase mixture. The mixture was homogenated for 30 seconds at 1-minute intervals in an ice bath until tissues were completely lysed, centrifuged at 14 000 × g for 15 minutes, and the supernatant was collected. Proteins were quantified using the BCA method, and prepared into electrophoresis samples containing 6 μg/μL protein. The protein was labeled with biotin (with a biotin:protein ratio of 1:7) and then purified (Changsha Chemical Reagent Factory, Changsha, China). The biotin-labeled protein samples were hybridized with 720 phosphorylation protein chips (Springbio, Preston, CA, USA) for microarray detection. Image scanning was performed with Genepix4000B (Axon, Rowley, NC, USA) and a fluorescent scanner (Taiwan MSI Technology Company, New Taipei, China) at 532 nm excitation, images in TIF format were analyzed with Genepix Pro 6 (Axon Instruments, Union City, CA, USA) [29] , and the phosphorylation level was determined according to the fluorescence intensity.
Protein microarray data analysis
Phosphorylation levels of proteins in the acupuncturetreatment group and the acupuncture-control group were compared with the model group. If upregulated or downregulated levels changed by more than 1.5 times, the protein signal transduction pathways were explored and the correlation with brain tissue damage and protection were analyzed. 
